Interaction of CO 2 , Nd:YAG, excimer and high power diode laser (HPDL) radiation with the surface of a common mild steel (EN8) was found to effect changes in the wettability characteristics of the steel, namely changes in the measured contact angle. These modifications are related to changes in the surface roughness, changes in the surface oxygen content and changes in the surface energy of the mild steel. The wettability characteristics of the selected mild steel could be controlled and/or modified by laser surface treatment. A correlation between the change of the wetting properties of the mild steel and the laser wavelength was found.
3
found that excimer laser treatment of metals results in improved coating adhesion. The improvements in adhesion were attributed to the fact that the excimer laser treatment resulted in a smoother surface and as such enhanced the action of wetting. However, the reasons for these changes with regard to changes in the material's surface morphology, surface composition and surface energy were not reported.
Notwithstanding this, work on HPDL modification of the wettability characteristics of a number of different ceramic materials [14] has shown that the wettability performance is affected by changes in the surface roughness, the surface O 2 content and the surface energy.
This present work describes the beam interaction characteristics of several industrial lasers: 1 kW CO 2 laser, 400 W Nd:YAG laser, 5 W KrF excimer laser and 1.2 kW HPDL with a common mild steel in terms of the wettability characteristics. These incorporate chiefly: contact angle variations, differences in morphological features, surface composition, and surface energy changes.
Theoretical background
When a drop of liquid is in contact with a solid surface, the final shape taken by the drop, and thus whether it will wet the surface or not, depends upon the relative magnitudes of the molecular forces that exist within the liquid (cohesive) and between the liquid and the solid (adhesive) [15] . The index of this effect is the contact angle, θ, which the liquid subtends with the solid. The adhesion intensity of a liquid to a solid surface is known as the work of adhesion, W ad , and is related to the liquid surface energy, γ lv , by the Young-Dupre equation:
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The influence of the substrate surface roughness on the wetting contact angle is also of great importance, being described by Wenzel's equation:
where, r is the roughness factor defined as the ratio of the real and apparent surface areas, γ sv is the solid surface energy, γ sl is the solid-liquid surface energy and θ w is the contact angle for the wetting of a rough surface. Clearly, as Equation (2) shows, the influence of surface roughness on the contact angle is to affect an increase in the contact angle. Thus, the smoother the contact surface is, the smaller the contact angle will be.
The intermolecular attraction which is responsible for surface energy, γ, results from a variety of intermolecular forces whose contribution to the total surface energy is additive [16] . 
In accordance with studies conducted by Fowkes [16] and Agathopoulos et al. [17] , it is possible to reasonably estimate the dispersive component of the mild steel surface energy, As affirmed by the work of Fowkes [16] and Agathopoulos et al. [17] , it is not possible to determine the value of the polar component of the mild steel surface energy, γ sv p , directly. This is because the intercept of the straight line only refers to individual control liquids and not the control liquid system as a whole.
However, it has been established that the entire amount of the surface energies due to dispersion forces either of the solids or the liquids are active in the wettability performance [16, 18] . 
Experimental procedures
The general operating characteristics of the lasers used in the study are detailed in Table 1 . For all experiments the assist gas used was O 2 . Both pulsed and CW lasers were employed, therefore, both the average power and the peak power of each laser will differ. Thus the laser energy density (fluence) of each laser beam was set such that the laser power densities, interaction times and traverse speeds of each laser was 159 J/cm 2 .
5
The liquids used for the wetting experiments were human blood, human blood plasma, glycerol and 4-octanol. The test liquids, along with their total surface energy ( γ 2 ) as well as the dispersive ( γ 2 d ) and polar ( γ 2 p ) components, are detailed elsewhere [14] . The solid materials used as substrates in the wetting experiments were rectangular billets (50 x 100mm with a thickness of 3mm) of common engineering low carbon mild steel (EN8). The contact surfaces of the materials were used as-received in the experiments.
The wetting experiments were carried out in atmospheric conditions at room temperature.
The droplets were released in a controlled manner onto the surface of the test substrate materials (treated and untreated) from the tip of a micropipette, with the resultant volume of each drop being approximately 6 x 10 -3 cm 3 . Each experiment lasted for three minutes with profile photographs of the sessile drops taken at minute intervals, with the contact angle subsequently being measured. The experimental results showed that throughout the period of the tests no discernible change in the magnitude of the contact angle occurred.
Surface analysis of the samples after laser treatment was conducted using scanning electron microscopy (SEM) and x-ray photoemission spectroscopy (XPS), with surface roughness measurements being obtained using a Taylor-Hobson (Surtronic 3+) profileometer.
Results
As one can see from Table 2 , laser irradiation of the surfaces of the mild steel samples resulted in changes in the contact angle depending upon the laser used. One possible reason for this is that the surfaces obtained after laser treatment are altered considerably; being smoother than the original untreated surface (1.46µm), in the case of the HPDL (1.12µm and the Nd:YAG laser (1.25µm), and rougher in the case of the CO 2 (2.58µm) and excimer lasers (2.12µm). As Equation (2) shows, if the roughness factor, r, is large, that is the solid surface is smooth, then γ sl will become small, thus, a reduction in the contact angle will be inherently realised by the liquid if θ<90 0 [16] . Table 2 .
The O 2 content of a material's surface is another influential factor in the wetting performance of the material [19, 20] . Wetting is governed by the first atomic layers of the surface of a material. Thus, in order to determine the content of O 2 on the surface of the mild steel XPS analysis was used. The surface O 2 content was found to increase after interaction with the CO 2 , Nd:YAG and HPDL beams from an 6 initial value of 34.2% to 41.5%, 35.7% and 40.1% respectively. Conversely, interaction of the mild steel with excimer laser radiation resulted in the surface O 2 content decreasing to 32.8%.
Discussion
In the instances where the surface of the mild steel has become roughened as a consequence of laser interaction, it is thought that the roughening is occasioned as a result of excess energy being absorbed by the surface of the mild steel, leading therefore to a high level of surface melting. As was observed from a SEM analysis, this in turn caused micro-porosities and a generally rough surface profile. In the case of the excimer laser, singularly, the laser radiation did not cause melting of the surface, but instead induced surface ablation which consequently resulted in a rough surface. Kokai et al. [21] have concluded that with excimer laser parameters which are conducive to the production of plasma, as was the case with the mild steel, then the surface roughness is increased as a result of plasma induced debris redepositing on the surface and excessive thermally induced surface fractures and porosities. Since plasma generation was observed, then surface roughening after excimer laser irradiation was perhaps to be expected.
In contrast, the surface smoothing of the mild steel after HPDL interaction is caused as a result of the surface absorbing a level of energy such that an adequate degree of surface melting occurs. Accordingly, a minimum surface roughness, and thus contact angle, is achieved. Similar laser induced surface smoothing effects were obtained by Nicolas et al. [22] and Henari et al. [12] , who observed that excimer laser treatment of ceramics and metals could result in the generation of a smoother surface. Olfert et al. [13] found also that excimer laser treatment of steel surfaces greatly improved the adhesion of a zinc coating. They asserted that laser treatment occasioned the smoothing of many of the high frequency surface features, resulting in more complete wetting by the zinc.
A comparison of the ordinate intercept points of the untreated and laser treated mild steel-liquid systems in Figure 2 shows that for the mild steel-liquid systems of the HPDL and Nd:YAG laser treated mild steel samples the ordinate intercept is higher above the origin than those of the untreated, CO 2 and excimer laser treated mild steel samples. This is indicative of the increased action of polar forces across the interface, in addition to dispersion forces, in the HPDL and Nd:YAG laser treated mild steel. Hence improved wettability and adhesion is promoted [16, 23] . Furthermore, because none of the best-fit straight lines intercept below the origin, then it can be said that the development of an equilibrium film pressure of adsorbed vapour on the mild steel surface (untreated and laser treated) did not occur [16, 23] .
Conclusion
Interaction of CO 2 , Nd:YAG, excimer and high power diode laser (HPDL) radiation with the surface of the mild steel was found to effect changes in the wettability characteristics of the material. Such changes were identified as being primarily due to: modifications to the surface roughness, changes in the surface oxygen content and changes in the surface energy of the mild steel. A wavelength dependence of the change of the wetting properties can be deduced from the findings of this work. 
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